Abstract--The age of the majority of power transformers applied in the western electricity network varies between 25 and 50 years. Depending on the load history and time of operation, replacement on short term is imminent. A technically sound policy concerning the replacement of these assets must be based on knowledge of (i) the life expectancy or reliability of individual components, (ii) how these failure probabilities cumulate to a replacement wave, and (iii) how to manage an expected replacement wave.
I. NOMENCLATURE
A pre-exponential reaction constant DP degree of polymerisation E a activation energy (J/mole) F i individual failure probability k reaction rate (s -1 ) p dp DP distribution function P th DP threshold R universal gas constant (J/molǜK) R i individual reliability R (k,N) probability of at least k out of N R P population reliability T absolute temperature (K) ș a ambient temperature (°C) ș h hotspot temperature (°C)
II. INTRODUCTION
HE ageing of power systems and their components are of great concern in terms of reliability and investments. To guarantee required quality at acceptable cost, it is essential to base decisions on a reliable forecast of future behaviour. The present work is dedicated to a population of power transformers. This is especially relevant since many power transformers that are installed in the past are expected to reach their end-of-life in the coming decades resulting in a replacement wave.
The work presented forms part of a research project aiming at integral transformer reliability models including different fail mechanisms. This paper is restricted to paper insulation degradation based on the DP (degree of polymerisation) value. But the generic approach chosen in this project allows other mechanisms to be included later.
In previous work we have presented a modelling approach for individual transformers [1] , [2] , based on the mechanical strength of the paper insulation. Starting from these individual reliability distributions (section III), a method for forecasting the population reliability from the individual reliabilities is described (section IV). The technique is applied to populations of transformers of two utilities in The Netherlands (section V). The ultimate goal is to provide an optimisation tool for maintenance replacement scenarios.
III. INDIVIDUAL RELIABILITY
The individual reliability is determined in a three step process and is based on the mechanical strength of the transformer paper insulation. In the first step the degree of polymerisation and its threshold value at which failure can occur are determined. Next, the uncertainties of these values are incorporated. In the third step the reliability and its uncertainty is calculated.
A. Determining the DP-value
The temperature dependency of the DP-value is given by the Arrhenius relation, this is extensively discussed by Emsley, Lundgaard and others in [3] - [5] . This leads to the following relation:
where DP(t) is the DP-value at time t, DP(0) is the initial DP value and k(t) is the time dependent reaction rate. The time dependent reaction rate has the Arrhenius form
T where E a is the molar activation energy, R the universal gas constant, A is a process constant and T is the temperature in Kelvin. The activation energy E a and process constant A can still vary with time, because the physical properties of the paper can change. For the temperature in (2), the hotspottemperature of the IEC loading guide [6] is used. The hotspottemperature is given by
where K is the time dependent relative load per unit. The other input parameters are: oil exponent x; winding exponent y; loss ratio r; ambient temperature ș a ; Hot-spot to top-oil gradient Hg r ; and top-of-tank oil rise ¨ș or .
B. Uncertainty Estimation
For determining the uncertainty the error estimation technique is used, this will result for (2) in 
where the ¨'s indicate the uncertainties in the corresponding variables.
C. Probability Calculation
The reliability is an integration of all possible DP-values, indicated with Ȟ, according to
Here p dp is the distribution function of the DP-value and P th the probability that the transformer has failed with a specific DP-value. In this case we use truncated normal distributions with mean ȝ equal to the DP-value on time t and 2ı equal to uncertainty value defined in the previous subsection. For the DP-threshold these values are 250 and 50 for ȝ and 2ı, respectively [1] , [2] .
IV. POPULATION RELIABILITY MODEL
The individual reliability results, as described in the previous section, can be used to obtain the reliability of a transformer population. The method assumes that the individual reliabilities, R i , and consequently the failure probabilities F i =1-R i , are uncorrelated. The probability that exactly j transformers from a population of N fail, and the probability that less than k failures have occurred at time t are given by [2] 
.
The superscript (N-k+1,N) in (6b) indicates that at least N-k+1 out of N transformers are still operational. It is clear that with large populations N and significant numbers of failures k a direct evaluation of (6) is elaborate, due to the enormous number of possible combinations. Only if (subsets of) transformers have identical individual reliabilities it can be applied with success, because a binomial factor can then replace (part of) the summations and multiplication. A far more efficient approach is to apply a pivotal decomposition by considering the following recurrent relation:
The probability that at least i out of a set of j transformers are operational is equal to the probability that the "last" transformer j has failed and from the remaining j-1 at least i transformers work, plus the probability that transformer j is in working order and a maximum of i-1 of the rest are operational. The begin and end condition of (7) are R(0,j)=1 and R(j+1,j)=0. This algorithm reduces the analysis for a system of up-to k failures from a population of N transformers to the order of N×k operations [7] . Moreover, the results for up to k-1, k-2, etc. are directly available as intermediate results of the recurrent analysis.
From (7) the mean-time-to-failure (MTTF) of the failure of k transformers, MTTF k , can be written as .
Equation (8) links the time with the population reliability. The population reliability R P belonging to the MTTF k is defined as From these populations, next to the installation time, the cooling modes: Oil-Natural-Air-Natural (ONAN), OilNatural-Air-Forced (ONAF), Oil-Forced (OF) and OilDirected (OD) are used as input parameters. For the ambient temperature, ș a , the temperature model of the IEC loadingguide [8] is applied, given as 
A. Utility U1
Utility U1 has a population of 242 power transformers with average installation date of 1973 and a standard deviation of 12 years. This combined with the information of (10) results in the projected replacement wave shown in Fig. 2 . For 1.5% annual load growth the mean value of the retirement date is 2079 with a standard deviation of 8 years. The values belonging to a 2% annual load increase has an average retirement year of 2062, with a standard deviation of 5 years. The 2.5% annual increase resulted in a mean of 2053, and standard deviation of 5 years. Fig. 2 . Installation times of utility U1, and the expected replacement waves for a load growth of 1.5%, 2% and 2.5%; the total number of installed transformers for utility U1 is 242.
B. Utility U2
The 337 power transformers of utility U2 have an average install date of 1974, with a standard deviation of 13 years. The replacement wave curves for this utility are plotted in Fig. 3 . The retirement date for 1.5% is 2079, with a standard deviation of 8 years. For 2% and 2.5% we find 2062 and 2052, respectively, both with standard deviations of 5 years. Fig. 3 . Installation times of utility U2, and the expected replacement waves for a load growth of 1.5%, 2% and 2.5%; the total number of installed transformers for utility U2 is 337.
VI. DISCUSSION AND CONCLUSION
The individual reliabilities based on the paper degradation model of Section III can be transformed with the model of Section IV into population reliability without too much computational effort. The results for the two utilities, shown in Fig. 2 and Fig. 3 , are quite similar, because of comparable past policy of both utilities. The sensitivity of the prediction to the forecasted increase of the average load arises, because of the non-linear age acceleration with temperature, and therefore with load. The ageing is exponentially correlated with load and the load is assumed to grow exponentially. Hence, small deviations in future scenarios with respect to the expected load will have a large effect on the projected fail behaviour. This can be illustrated by varying the starting base-load as is shown in Fig. 4 . The position of the replacement wave shifts clearly as a function of this parameter. The probabilistic model presented in this paper enables to analyse the effect of planned scenarios for transformer populations. In predicting the replacement wave more realistically, the scenarios put into the model should incorporate: -Real load values based on the location of the transformer. The model input parameters were chosen to illustrate the model capabilities. -The effect of maintenance or failure of a transformer on others; if in a substation maintenance is performed on one transformer, another transformer will take the load of both transformers. Due to strong non-linearity of ageing with load the time spans with double load, although they may be short, can have a pronounced effect on the life expectancy. In this paper the individual transformer reliability is limited to degradation of the mechanical strength of the paper insulation. This is only one of the possible failure mechanisms. To get better insight in the coming replacement wave, the individual reliability model should include other failure modes, such as degradation of the oil, the bushings and the tapchanger.
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